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Graphene possesses remarkable electrical, thermal, and mechanical properties and has 
been utilized in many advanced applications in either independent form or nanocomposites 
as nanofillers. In particular, multilayer graphene nanosheets (MLGSs) have been applied 
as nano-reinforcements in different types of matrices. One of the most promising material 
systems is graphene reinforced polymer nanocomposites. Many experimental, 
computational, and analytical studies have been conducted to investigate the physical and 
functional properties of such nanocomposites. It has been shown that molecular-, nano-, 
and micro-structures all play significant roles in nanocomposites’ final properties. 
The thesis focuses on the mechanics and viscoelastic properties of graphene reinforced 
polymer nanocomposites depending on two specific structural features that have been 
largely overlooked in recent studies. The first is the wrinkles formed in MLGSs within 
polymer nanocomposites. The second is the polymer chain structure, particularly the side 
group’s size in polymer chains. Building upon previously developed coarse-grained 
models of both MLGSs and polymethyl methacrylate coupled with molecular dynamics 
(MD) simulations, I have systematically investigated nanocomposites depending on 
wrinkle configurations of MLGSs and polymer chain structures. I find that both factors 
significantly impact the mechanical and viscoelastic properties of nanocomposites through 
non-equilibrium MD simulations by applying different mechanical tests on representative 
nanocomposite systems. Interlayer sliding within MLGSs happen in specific wrinkle 
configurations of MLGSs under global shear deformation, which significantly influences 
the viscoelastic properties of nanocomposites. In addition, the size of the side group in 
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polymer chains affects the interfacial interactions between polymer chains and graphene 
sheets. With these interactions being altered, the reinforcement effect of MLGSs and the 
dynamic moduli of the nanocomposite systems are subsequently changed. As a result, both 
wrinkles formed in MLGSs and side group size of polymer chains have a non-trivial effect 
on the mechanics and viscoelastic properties of studied nanocomposites.  
The studies presented in the thesis illustrate the critical dependence of graphene 
reinforced polymer nanocomposites on graphene configuration and polymer chain 
structures and provide essential insights into experimental characterization and optimized 
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INTRODUCTION AND BACKGROUND 
 
 
In this chapter, the core content is about the Introduction and Background of my thesis, 
which mainly focuses on the interfacial mechanics of graphene-based polymer 
nanocomposites. The overall purpose of my research is to investigate the mechanical and 
viscoelastic properties of multilayer graphene sheets (MLGSs) reinforced polymer 
nanocomposite. In the first section, I will briefly introduce the fantastic material – graphene 
and its related nanocomposites. Their superior mechanical properties and advanced 
applications will also be highlighted. In the following section, I will introduce the typical 
and popular matrix polymeric materials used in nanocomposites. Then, in the third section, 
I will discuss the most common methods that characterize the mechanical properties of 
graphene-based polymer nanocomposites. In the end, I will overview the entire thesis and 
briefly summarize the key messages in the following chapters. 
1.1 The era of graphene and its related nanocomposites 
Graphene, one-atom-thick material with 𝑠𝑝2 -hybridized carbon atoms and unique 
honeycomb lattice, have attracted considerable interest and tremendous attention from both 
engineering and academic communities. Graphene possesses exceptional properties such 
as electrical conductivity, thermal conductivity, and mechanical properties [1-3]. Graphene 
has been utilized in advanced applications such as electrodes of lithium-ion batteries or 
supercapacitors, active layers of organic solar cells, and polymer electrolyte membranes of 
fuel cells [4]. Pristine graphene has the highest recorded elastic modulus (1 TPa) and 
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intrinsic strength of 130 GPa [5]. To leverage its remarkable mechanical properties and 
large surface-to-volume ratios, multilayer graphene sheets (MLGSs) have been embedded 
into the low modulus matrix such as polymers. Recent works have shown that with only a 
small weight fraction of MLGSs, nanocomposites achieve significant enhancement in 
strength, toughness, and functionality [6-8]. Among all the synthesis methods, chemical 
vapor deposition (CVD) is arguably the most widely used method to produce MLGSs with 
a specific number of layers, large areas, and high quality [9]. 
1.2 Polymer matrix materials used in nanocomposites 
As mentioned in the previous section, one of the most prevailing matrix materials used 
in composites is polymeric materials. The polymers can be classified into thermoplastics 
or thermosets polymers depending on the chemical structures of the polymers [10]. 
Currently, thermoplastics are becoming more popular as matrix materials in structural 
composites, because they can be remolded, reheated, and cooled as necessary without any 
changes in chemical structure compared with thermosets polymers [11]. Therefore, I use 
poly (methyl methacrylate) PMMA as the matrix material throughout the entirety of my 
research since it represents the main features of a large class of polymer materials [12]. 
1.3 Characterization methods for mechanical properties of materials 
Typically, there are three methods to demonstrate our findings in scientific research: 
experimental, analytical (or theoretical), and computational methods. The experimental 
method is the most convincing way, but especially in nanoscale, it’s difficult, expensive, 
time-consuming, difficult, or even impossible to perform. The analytical method is a 
generic process to conclude wide rules or principles from one scientific finding so that they 
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can be applied to similar systems or structures. The computational approach is a powerful 
tool that can provide insights into problems that are hard to be solved by experimental and 
analytical methods. It will be better to integrate these methods in scientific research. 
To this date, a large number of experimental studies have demonstrated that 
embedding small amounts of graphene sheets can dramatically improve the mechanical 
properties of polymer matrix [13-15]. For instance, Wang et al. [16] produced 
polypropylene/graphene composites by melt compounding, spinning, and film stacking. 
They found that the tensile strength, tensile modulus, and interfacial strength of the 
composites with only 0.062 wt% graphene were improved by 117, 116, and 116%, 
respectively. The reinforcement is attributed to the high intrinsic mechanical properties of 
graphene platelets and the self-reinforcing mechanism. Wang et al. [17] synthesized 
graphene-reinforced poly(vinyl alcohol) (PVA) nanocomposites and found that the tensile 
strength of synthesized nanocomposites increases up to 200% with only 0.5 wt% graphene 
content. Similarly, Zhao et al. [18] prepared graphene/PVA composites, which achieve a 
150% increase in tensile strength and an approximately 10 times increment of Young’s 
modulus with a graphene loading of 1.8 vol%. Liang et al. [19] prepared PVA 
nanocomposites with graphene oxide (GO) using a simple water solution processing 
method. They showed a 76% increase in tensile strength and a 62% improvement of 
Young’s modulus by the addition of only 0.7 wt% of GO due to the efficient load transfer 
between the nanofiller and matrix. Naebe et al. [20] demonstrated that GO in an epoxy 
resin showed 22% improvement in flexural strength and 18% in storage modulus, which 
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has been attributed to the uniform dispersion of GO and strong interfacial bonding between 
GO and epoxy resin.  
In addition to experimental studies, a lot of theories have been used to investigate the 
mechanical properties of graphene-based polymer nanocomposites. One of the simplest 
methods that have been developed to describe the reinforcement obtained from a high-
modulus filler in a low-modulus matrix is the “rule of mixtures” [10]. Later theories have 
mentioned that the orientation and size of the fillers play a critical role in the reinforcement 
[21]. There are also semi-empirical methods that have been commonly used to describe the 
reinforcing efficiency, such as the Halpin-Tsai model [22], and the Mori-Tanaka model 
[23]. 
Last but not the least, computational modeling also offers significant insights into the 
mechanical properties and deformation mechanisms of MLGSs reinforced polymer 
nanocomposites. Among different approaches, molecular dynamics (MD) simulations are 
powerful as they can provide the ultimate details on system dynamics as well as predict the 
properties of systems with specific nanostructures. Most previous MD simulations are all-
atomistic (AA) simulations, which include every single atom in the model. There have been 
extensive studies to investigate the mechanical properties of graphene sheet reinforced 
nanocomposites via AA-MD simulations. For instance, Lin et al. [24] investigated the 
mechanical properties of graphene/PMMA nanocomposite systems using AA-MD 
simulations. They showed that both the elastic and shear moduli increase with the increase 
of graphene volume fraction, while the efficiency of the reinforcement is reduced. Shiu et 
al. [25] investigated the thermal and mechanical properties of graphene/epoxy 
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nanocomposites via AA-MD simulations. They found that the local density in the vicinity 
of the graphene is relatively high, and then progressively decreases to the bulk value in 
regions further away from the interface. The nanocomposites with intercalated graphene 
exhibit a higher elastic modulus, a higher glass transition temperature, and a lower thermal 
expansion coefficient, as the intercalated graphene can lead to larger interfacial regions. 
Sun et al. [26] studied the effect of functionalized graphene on the tensile properties of 
epoxy nanocomposites. They showed that compared with those reinforced by pristine 
graphene, the nanocomposites reinforced with functionalized graphene have higher elastic 
modulus, ultimate strength, and strain due to enhanced interfacial bonding between the 
functionalized graphene sheets and epoxy matrix.  
1.4 Thesis outline 
Though characterization methods are developing rapidly, there are still some aspects 
of research areas where AA-MD simulations are computationally expensive to conduct and 
experimental methods are difficult to perform. To bridge the existing gap between 
experimental and computational characterization methods, this work begins to develop 
multiscale modeling methods, particularly, coarse-grained (CG) models for MLGSs 
reinforced PMMA nanocomposites, where groups of atoms are defined into beads with 
fewer particles and degrees of freedom. CG methods enable us to reach larger temporal 
and spatial scales thereby exploring the mechanical properties of nanocomposite systems 
with higher computational efficiency. More details about MD simulations and CG methods 
will be illustrated in Chapter 2. Specifically, in Chapter 3, I focus on the mechanical and 
viscoelastic properties of wrinkled MLGSs reinforced PMMA nanocomposites. 
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Furthermore, the unique effect of interlayer sliding within MLGSs on tuning the 
mechanical and viscoelastic properties of MLGS/PMMA nanocomposites will be 
discussed in detail. In Chapter 4, I will investigate the side-group size effect on mechanical 
and viscoelastic properties of flat monolayer graphene-based nanocomposites and bulk 
PMMA systems using CG-MD simulation. In Chapter 5, the contributions and future work 








In this chapter, the powerful computational method – molecular dynamics (MD) 
simulations will be discussed at first. The first section provides the basic information of 
MD simulations. The second section discusses a wide variety of typical force fields of the 
systems, part of which will be used in our simulations. The third section succinctly 
introduces the CG model development for graphene and PMMA used in our study. 
2.1 Molecular dynamics simulations 
MD is a computer simulation method to simulate the physical movements of particles. 
It can provide the ultimate detail regarding individual motions as a function of time, which 
is based on Newton’s Law of Motion. To carry out MD simulations, the forces or 
interactions between atoms and the initial positions of the atoms are the two basic factors. 
For the force field, to differentiate the covalent bonded and non-bonded interactions, 
different potential function forms are adopted. The covalently bonded interactions include 
bond, angle, dihedral, and improper interactions, which are captured by the realistic 
stretching along with the bonds, bending between bonds, rotating around bonds, and the 
out-of-plane bending angles, respectively.  
The non-bonded interactions, i.e., van der Waals (vdW) interaction, pairwise 
potentials are usually involved in MD simulations. One of the most typical pairwise 
potential forms is known as 12-6 Lennard-Jones (LJ) potential. We will share the 
parameters (depth and width of the potential well) that we used in our study in Chapter 3.  
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For the initial positions of atoms, all-atomistic (AA) systems would like to follow the 
realistic atomistic configurations of the systems, for example, single layer graphene is 
about 0.34 nm thick, and it also possesses hexagonal lattice with a side length of 1.4 Å. 
With these two necessary elements: configuration and force field, it will be sufficient 
to obtain the forces acting on each atom, the trajectory of the moving atoms can be traced, 
and aspects of the system can be acquired including various energy, temperature, density, 
and pressure properties.  
To run MD simulations in our study, we use a statistical ensemble that depicts the 
possible microstates of the system [27]. There are three types of ensembles, i.e., 
microcanonical ensemble (NVE), canonical ensemble (NVT), and isothermal-isobaric 
ensemble (NPT), where N represents the number of particles, V is the volume of system, 
T stands for the temperature of system, and P represents the pressure of system. The 
specific ensembles used in our simulations will be illustrated in detail later. 
2.2 Typical force fields 
A large number of sets of force fields have been developed and used in a variety of 
systems. For example, force fields of AMBER [28], OPLS [29], CHARMM [30], and 
GROMOS/GROMACS [31] are often applied to biomolecular systems. In addition, 
DREIDING [32] is a common force field for polymeric systems, which has been validated 
for PMMA. The embedded-atom method (EAM) [33] force field is particularly suitable for 
metallic systems. Furthermore, another broadly used force field is named adaptive 
intermolecular reactive empirical bond order (AIREBO) potential [34], where the 
interatomic interactions strongly rely on coordination by a bond order parameter, which 
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influences the interactions between two atoms based on the coordinates of adjacent atoms. 
In our research, CHARMM and GROMACS force fields have been mainly used to study 
graphene reinforced polymer nanocomposites. 
2.3 CG model development for graphene and PMMA  
Although AA simulations can provide deep insight into the accurate profiles and 
descriptions of different systems, they are computationally expensive to study failure 
mechanisms or large deformation in the large scale with tens of nanometers. However, CG 
models can reduce dimensionality and calculation time by grouping atoms together into 
beads. In addition, CG models enable us to reach larger temporal and spatial scales thereby 
exploring the mechanical properties of nanocomposite systems with higher computational 
efficiency. 
As mentioned before, the CG model of graphene and PMMA used in our study follows 
a 4-to-1 mapping scheme, where four carbon atoms are represented by one CG bead. 
Illustrations of CG models of graphene and PMMA are presented in Figure 2-1. Such beads 
will interact with each other with an efficient force field, which enables simulations to be 
performed in much larger systems, while still maintaining the realistic molecular detail of 
the systems. Also, the structures of the CG models are developed according to their realistic 
chemical structures. 
 So far, a lot of CG models have been developed for various systems on the basis of 
several principles, i.e., strain-energy conservation [35], free-energy calculations [36], and 
Boltzmann inversion [37]. The CG force-field used in our study is developed based on a 
strain energy conservation approach.  
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For the CG model development of graphene, the hexagonal symmetry of the atomic 
lattice is conserved, which is critical to capture the interlayer shear response between 
graphene, including the superlubricity behavior [38, 39]. Our recently developed 
atomistically informed CG model of graphene has been shown to capture mechanical 
properties including in-plane anisotropy, fracture behavior, and orientation-dependent 
interlayer shear of MLGSs accurately while accelerating the computational speed by at 
least two orders of magnitude [39-42]. 
 
Figure 2-1. All-atomistic (AA) to coarse-grained (CG) mapping schemes for (a) PMMA 
and (b) graphene. The red dash line shows that each bead in the graphene CG model 
represents 4 carbon atoms. 
 
 
Figure 2-2. Schematics of the contributions of the force field (bond, angle, dihedrals, 
non-bonded interactions) for graphene CG model [39]. 
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The force field of the CG graphene model involves the contributions from bonds, 
angles, dihedrals, and pair-wise non-bonded interactions, which are presented in Figure 2-
2. The function of each interaction is illustrated as: 




 𝑉𝑎(𝜃) = 𝑘𝜃(𝜃 − 𝜃0)
2 (2-2) 
 𝑉𝑑(𝜙) = 𝑘𝜙[1 − 𝑐𝑜𝑠(2𝜙)] (2-3) 
 













where we utilize Morse-type potential to stand for the bond interaction, and 𝐷0 is the depth 
of the potential well of the Morse bond, 𝛼  correlates with the potential well, and 𝑑0 
represents the equilibrium bond length, which is 2.8 Å, two times the length of bonds in 
graphene lattice; 𝑘𝜃  is the spring constant of the angle potential, 𝜃0  represents the 
equilibrium angle, which is 120° in the light of the hexagonal lattice;  𝑘𝜙 is the spring 
constant of the dihedral interaction; 𝐿𝐽 and 𝜎𝐿𝐽 are the two independent parameters of the 
12-6 Lennard-Jones (LJ) potential to represent the pair-wise interaction. We calibrate 
𝜎𝐿𝐽 = 3.46 Å to keep an interlayer equilibrium spacing of ∆𝑧𝑒𝑞 = 3.35 Å. The force field 
for CG graphene model is basically built upon the previous paper [39], and a summary of 
all the functions and calibrated parameters is presented in Table 2-1.  
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Table 2-1. Functional forms and calibrated parameters of the force field for graphene CG 
model. 
Interaction Functional Forms Parameters 
Bond 𝑉𝑏(𝑑) = 𝐷0[1 − 𝑒
−𝛼(𝑑−𝑑0)]
2
 𝐷0 = 479.5 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝛼 = 0.99 Å−1 
𝑑0 = 2.8 Å 
Angle 𝑉𝑎(𝜃) = 𝑘𝜃(𝜃 − 𝜃0)




Dihedral 𝑉𝑑(𝜙) = 𝑘𝜙[1 − 𝑐𝑜𝑠(2𝜙)] 𝑘𝜙 = 4.15 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 











𝜎𝐿𝐽 = 3.46 Å 
𝐿𝐽 = 0.813 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
 
The CG model of PMMA employs a two-bead per monomer mapping scheme with 
one bead “A” representing the backbone group and the other bead “B” representing the 
sidechain methyl group. The bead “A” represents the group of methacrylate (C4O2H5) and 
bead “B” stands for the group of methyl (CH3). The bonded interactions, including bond, 
angle, and dihedral potentials, are parameterized using the inverse Boltzmann method [12, 
37] to match the probability distributions from atomistic trajectories. The non-bonded 
interactions take the form of a 12-6 LJ potential and are parametrized to capture the 
essential thermo-mechanical properties [12]. According to the previous work [12], both the 
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functional form and potential parameters of the CG model of PMMA are listed in the Table 
2-2. 
 
Table 2-2. Functional forms of CG force field and optimized potential parameters for 
PMMA model. 
Interaction Functional Forms Parameters 
AA Bond 𝑈𝑏𝑜𝑛𝑑𝐴𝐴(𝑙) = 𝑘(𝑙 − 𝑙0)
2 𝑘 = 105.0 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ Å2 
𝑙0 = 2.735 Å 
AB Bond Length 𝑈𝑏𝑜𝑛𝑑𝐴𝐵(𝑙) = 𝑘(𝑙 − 𝑙0)
2 𝑘 = 39.86 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ Å2 
𝑙0 = 3.658 Å 
AAA Angle 















°        𝑏2 = 6.210
° 
𝜃1 = 121.0
°        𝜃2 = 158.5
° 
AAB Angle 𝑈𝑎𝑛𝑔𝑙𝑒𝐴𝐴𝐵(𝜃) = 𝑘2(𝜃 − 𝜃0)
2 + 𝑘3(𝜃 − 𝜃0)
3
+ 𝑘4(𝜃 − 𝜃0)
4 
𝑘2 = 9.881 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ 𝑟𝑎𝑑
2 
𝑘3 = −15.12 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ 𝑟𝑎𝑑
3 
𝑘4 = 6.589 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 ∙ 𝑟𝑎𝑑
4 
𝜃0 = 1.690 𝑟𝑎𝑑𝑠 
AAAA Dihedral Angle 





𝐴1 = 4.380 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴2 = 0.8739 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴3 = −0.3571 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴4 = −0.2774 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴5 = 0.09312 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
BAAB Dihedral Angle 





𝐴1 = 4.519 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴2 = −0.8859 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴3 = −1.692 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴4 = 0.5625 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴5 = 0.9562 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
Non-bonded 










] + 𝑆𝐿𝐽(𝑟) 
𝐴𝐴 = 0.500 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐵𝐵 = 1.500 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝐴𝐵 = 0.866 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
𝜎𝐴𝐴 = 5.500 Å 
𝜎𝐵𝐵 = 4.420 Å 




The CG model of polymer used in this study has also been shown to accurately capture 
the thermal-mechanical properties compared to atomistic simulations and experimental 
characterization [12, 43]. Detailed procedures for developing the CG PMMA model can 
be found in Hsu et al. [12, 44]. 
In addition, the resulting CG models of MLGSs and PMMA are roughly 2-3 orders of 
magnitude more computationally efficient than the corresponding atomistic models. 
Furthermore, CG-MD simulations have a unique advantage to computationally investigate 
the viscoelastic properties, which involve behaviors at a relatively longer period [45]. 
Viscoelastic properties of nanocomposites dictate the performance in many dynamic 






MECHANICS AND VISCOELASTIC PROPERTIES OF WRINKLED GRAPHENE 
REINFORCED POLYMER NANOCOMPOSITES 
 
 
So far, a large portion of the studies have considered graphene sheets as a flat sheet when 
conducting simulation or carrying out theoretical analysis [15, 49]. However, various reasons lead 
to inevitable surface corrugation within MLGSs, especially for those synthesized through CVD. 
Many studies have shown that thermal fluctuation [50, 51], long-range attraction forces among 
atoms [52], and topological defects [53, 54] all give rise to wrinkles in graphene sheets. Several 
studies have shown that the wrinkles of graphene can make the sheets less stiff, increase the 
geometrical locking effect [53], tailor the electronic structure of graphene [55], as well as influence 
surface properties and energy storage capability [56-59]. In addition, experimental studies have 
shown that graphene nanosheets exhibit highly wrinkled configurations within polymer matrices 
[60, 61]. There have been a few studies on the effect of nanoscale wrinkling of graphene sheet 
with AA-MD simulations [53, 62-65], but the system size is usually limited to tens of nanometers 
by focusing only on graphene sheets since AA-MD simulations are computationally expensive.  
Still, the effects of wrinkles in MLGSs on the mechanical properties of polymer 
nanocomposites are not fully known. Moreover, how wrinkled MLGSs influence the viscoelastic 
properties of such nanocomposites has been minimally studied. To study the wrinkled MLGSs 
reinforced nanocomposite systems more effectively and efficiently, coarse-grained (CG) models 
are used in this study. 
In this chapter, the mechanical and viscoelastic properties of wrinkled MLGSs reinforced 
polymer nanocomposite are investigated using CG-MD simulations. In the first section, I will 
briefly introduce the setup of nanocomposite models. Nanocomposite models of PMMA matrix 
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reinforced by wrinkled MLGSs with a sinusoidal wrinkle shape and different wavelengths are 
generated. Then, the simulation procedures will be illustrated in detail. In the third section, CG-
MD simulations are employed to investigate the mechanical properties of wrinkled MLGS/PMMA 
nanocomposites via uniaxial tensile deformation, and out-of-plane shear deformation. In the fourth 
section, I will explore the viscoelastic properties of wrinkled MLGS/PMMA nanocomposites 
under small amplitude oscillatory shear (SAOS) deformation. In the fifth section, I will illustrate 
the unique effect of interlayer sliding within MLGSs on tuning the mechanical and viscoelastic 
properties of MLGS/PMMA nanocomposites. 
3.1 Nanocomposite model setup 
The constructed nanocomposite model consists of wrinkled MLGSs embedded in a 
continuous polymer matrix, constituting a representative volume element in a typical graphene-
reinforced nanocomposite. We use PMMA as the matrix material since it represents the main 
features of a large class of polymer materials [12]. All systems consist of PMMA chains with 100 
monomers per chain, consistent with our previous studies [43]. The simulation box is set to be 
periodic in all three dimensions. The total length of the system (x-direction) is approximately 24 
nm. The width of the system (y-direction) is about 4.2 nm. The height of the system (z-direction) 
is around 12.7 nm. The MLGSs have a finite length of L=20 nm, while its width is the same as 
that of the polymer matrix and periodic in the y-direction. The model systems enable us to focus 
on the effects of the waviness of MLGSs along one specific direction and number of layers on the 
mechanical and viscoelastic properties of the nanocomposites and to get rid of the size effect in 
the width direction. We also generate a pure PMMA system with the same number of chains to 
illustrate the reinforcement effect exerted by MLGSs. We note that the pure PMMA system is 
slightly smaller than the nanocomposite systems due to the absence of MLGSs.  
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To represent the non-bonded interaction effectively and efficiently between graphene and 
polymer, LJ potential is used: 










]     (3-1) 
where 𝑔𝑝 is the depth of the potential well for the interaction between graphene beads (g) and 
polymer beads (p) and 𝜎𝑔𝑝 is the distance when the potential energy crosses zero. We use 𝑔𝑝 =
1.2 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙  and 𝜎𝑔𝑝 = 4.5 Å consistently for all the models studied here. These choices of 
parameters lead to interfacial energy of around 0.2 𝐽/𝑚2, which is comparable to experimentally 
reported values between polymer matrices and graphene sheets [66]. Our future work will treat 
𝑔𝑝 as a tunable parameter and study its influence on mechanical properties. We note that varying 
𝑔𝑝 can be experimentally realized through the surface functionalization of graphene sheets as in 
the case of GO [45]. 
The initial curved surface of MLGSs is described by a sinusoidal function: 
𝑧 = ℎ𝑠𝑖𝑛 (
2𝜋𝑥
𝑙
)     (3-2) 
where h is the amplitude and l is the wavelength. We keep h as a constant of 1 nm. By 
deliberately controlling the wavelengths of wrinkles, we can generate CG graphene sheets with 
different configurations, i.e., waviness. The selected wavelengths include infinitely large, which 
corresponds to flat MLGSs, and l=40 nm, 20 nm, 10 nm, 8 nm, which give rise to 0.5, 1, 2, and 
2.5 periods of sinusoidal waves, respectively. We note that in actual specimens, MLGSs exhibit 
more complex wrinkle configurations. The wrinkled morphology largely depends on topological 
defects within graphene nanosheets and specific processing conditions [54, 60, 67]. The simple 
while representative configurations adopted in this study can shed light on the unique effect of 
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wrinkles of MLGSs on mechanical and viscoelastic properties of the nanocomposites. In addition 
to changing the wrinkle configurations, we also alter the number of layers for MLGSs from 
monolayer graphene sheet to trilayer graphene sheets. Although MLGSs with many layers are not 
in the scope of this study, we believe the main conclusions in this study are transferrable to those 
systems. We note that the bending rigidity of MLGSs increases dramatically compared to 
monolayer graphene sheets [68]. As a result, highly wrinkled configurations for MLGSs with a 
large number of layers might be harder to achieve. A recent study also shows that the bending 
rigidity of multilayer van der Waals materials also depends on the interlayer shear strength [69].  
3.2 Simulation procedures 
To investigate the deformation mechanisms and viscoelastic properties of wrinkled MLGSs 
reinforced PMMA nanocomposites, all MD simulations are carried out using the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software [70]. The results and 
trajectories are analyzed through the Visual Molecular Dynamics (VMD) software [71]. 
After generating the initial structures, we relax the structures through equilibrium simulations. 
First, the energy of the system is minimized using the conjugate gradient algorithm with the 
graphene sheets constrained in the z-direction in order to preserve the wrinkle configurations. The 
system is then equilibrated through thermodynamics run under an isothermal-isobaric (NPT) 
ensemble for 1.2 ns (the timestep is set as 4 fs). To resemble the annealing process, the temperature 
first rises from 300 K to 600 K in 0.2 ns, stays at 600 K for 0.2 ns, and then goes back to 300 K in 
another 0.2 ns. The purpose of this step is to slowly and fully relax the nanocomposites to reach 
reasonable density and low residual stress. After the annealing process, the constraints on the 
graphene sheets are removed, followed by NPT equilibration for 0.4 ns at 300 K, which is to make 




Figure 3-1. Schematics of the nanocomposite models that consist of bilayer graphene sheets 
embedded in the PMMA matrix and mechanical tests. (a) All-atomistic (AA) to coarse-grained 
(CG) mapping schemes for PMMA (left) and graphene (right). The different configurations of 
wrinkled bilayer graphene sheets: (b) flat, (c) l=40 nm, (d) l=20 nm, (e) l=10 nm, (f) l=8 nm. The 
different mechanical tests carried out in this study are also shown in (d)-(f), respectively. Color 
code: purple and cyan for PMMA polymer beads, orange for graphene beads. 
 
The fully equilibrated and relaxed configurations of the wrinkled bilayer graphene sheets 
reinforced PMMA nanocomposites are shown in Figure 3-1(b)-(f). The wrinkled structures are 
preserved despite tiny alterations compared to the initial configurations, and the internal stress of 
the nanocomposites approaches zero for all the cases. The sustaining of wrinkled shape is also 
contributed from the periodic nature in the other direction (y-direction). The setup of the model 
makes it possible to easily maintain the wrinkled shape observed for large graphene sheets due to 
various reasons and study the effect of wrinkled MLGSs. We note that if we did not add the z-
direction constraint during the annealing process, the pre-defined wrinkle configurations would 
not be preserved. The aforementioned equilibration procedure is purposely designed to maintain 
the pre-defined wrinkle configurations. Our study also illustrates that the wrinkled features can be 
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preserved when the polymer matrix is in the glassy state, i.e., ambient temperature lower than the 
glass transition temperature of the polymer matrix. 
After the equilibration process, we carry out non-equilibrium MD (NEMD) simulations by 
applying deformations to the nanocomposite systems and then investigate the mechanical 
properties and deformation mechanisms. The different deformation schemes are also shown in 
Figure 3-1(d)-(f). Uniaxial deformation is applied by drawing the unit cell along the x-direction 
up to the strain of 𝑚  with a nominal strain rate of  5 × 10
8  s-1. During the deformation, the 
pressure is set as zero in y and z directions. Similarly, out-of-plane shear simulations are performed 
by shearing the xz-plane at a constant strain rate of 5 × 108 s-1, during which the pressure in the 
y-direction is maintained as zero. From the simulations, we collect the stress vs. strain data for 
both uniaxial tension and shear deformations. Elastic moduli for both cases are obtained by fitting 
the slope of linear regions of stress vs. strain curves, which, in our case, is the region up to 0.02 
strain. 
In addition to measuring elastic moduli, we also characterized the viscoelastic behaviors of 
the nanocomposites through the small amplitude oscillatory shear (SAOS) approach [45]. 
Specifically, following the same equilibrium process, small oscillatory shear is applied on the xz-
plane under the NPT ensemble at 300K. Specifically, the oscillatory shear strain ( 𝛾𝑥𝑧(𝑡) =
𝛾0sin (𝜔𝑡) ) is achieved by oscillating the specified box length dimension sinusoidally as 
implemented in the LAMMPS code. We choose the amplitude of oscillation as 6 Å for all the 
systems, which leads to an oscillatory shear strain 𝛾0 around 0.05. We confirm that the chosen 
amplitude is small so that it will not lead to plastic deformation of the nanocomposite systems. 
The shear frequency used in this study is 2 × 1010 𝐻𝑧, consistent with our previous studies [45], 
and in the similar order of magnitude achieved in previous experimental studies with the quartz 
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crystal microbalance method [72, 73]. Our previous study demonstrates that we can potentially 
avoid simulating over long periods and expand the understanding of viscoelastic properties under 
lower frequencies by measuring the dynamic moduli at elevated temperatures and applying the 
time-temperature superposition principle [45]. In this study, we focus on the effect of graphene 
wrinkle configurations on viscoelastic properties of MLGSs reinforced nanocomposites. As a 
result, we only choose one representative shear frequency. The corresponding stress of the 
nanocomposite, which behaves viscoelastically, will exhibit a relationship with applied oscillatory 
shear strain as  𝜎𝑡 = 𝜎0sin (𝜔𝑡 + 𝛿). Then, the storage modulus 𝐺
′ and loss modulus 𝐺′′ can be 






𝑠𝑖𝑛(𝛿), and the loss tangent tan(𝛿) of the nanocomposites 




For all the NEMD simulations, we run each three times with different initial configurations, 
and then take the average to smooth our errors and ensure the generality of the results. In addition, 
a total of 40 cycles are carried out in SAOS simulations. The first 30 cycles of shearing are not 
analyzed to eliminate potential transient effects. We fit a sinusoidal function to the stress data of 
the last 10 cycles and then calculate 𝐺′, 𝐺′′, and tan(𝛿). 
3.3 Mechanical properties of wrinkled MLGSs/PMMA nanocomposites 
In this section, we study the mechanical properties of wrinkled graphene/PMMA 
nanocomposites via uniaxial tensile deformation and out-of-plane shear deformation, by 
performing MD simulations with the CG model of graphene/PMMA nanocomposites. We look 
into specific deformation mechanisms from simulation results and provide fundamental insights 
into the structure-property relationships. 
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3.3.1 Dependence of elastic modulus on wrinkle configurations and number of layers 
We first compare the influence of wrinkle configurations by using the bilayer graphene sheets 
reinforced systems. The stress-strain curves of the bilayer graphene sheets reinforced PMMA 
nanocomposites with different wavelengths under uniaxial tension are compared in Figure 3-2(a). 
Figure 3-2(b) shows the elastic modulus measured for nanocomposites with different l and 
different numbers of graphene layers. In general, the elastic modulus of the nanocomposites 
decreases with decreasing l (i.e., increasing the waviness of the sheets). However, they all exhibit 
enhancements compared to the pure PMMA case. The in-plane elastic modulus of nanocomposites 
with wrinkled MLGSs are weakened, which is mainly attributed to the decreasing tensile stiffness 
of wrinkled MLGSs along the stretching direction [53]. The elastic modulus of the nanocomposites 
shows a sigmoidal dependence on increasing waviness of graphene sheets and it approaches the 
modulus of PMMA. In addition, the reinforcement effect under tension also becomes more 
significant with an increasing number of graphene sheets (i.e., increasing volume fraction of 
graphene) for flat or less wavy MLGSs. Nevertheless, when the MLGSs is highly wrinkled (i.e., 
l=8 nm), the enhancement in elastic modulus becomes much less dependent on the number of 
layers, indicating that the effect of volume fraction of MLGSs is less prominent when MLGSs are 
highly wavy or crumpled. This observation may guide the characterization and prediction of 
mechanical properties of crumpled graphene sheets based nanocomposites [74]. To examine the 
effect of wrinkled MLGSs on the transverse mechanical properties of nanocomposites, we also 
measure the elastic modulus under z-direction compression, and the stress-strain curves of 
nanocomposites with bilayer graphene sheets of different wrinkled configurations and bulk 
PMMA are shown in Figure 3-3. In addition, the elastic moduli are listed in Table 3-1. We find 
that the elastic moduli of the nanocomposites also decrease with decreasing l (i.e., increasing 
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degree of waviness), similar to the results in Figure 3-2(a). This observation might be because the 
resistance to compression also decreases with an increasing degree of waviness.  
Figure 3-2. Nanocomposites under uniaxial tension deformation. (a) Stress-strain curves of bulk 
PMMA and bilayer graphene sheets reinforced nanocomposites with different wrinkled 
configurations under uniaxial tensile deformation. (b) Elastic modulus vs. different l of monolayer, 
bilayer, and trilayer graphene sheets reinforced nanocomposites. The error bars show the standard 
deviations of results from three simulations with different initial configurations. 
 
 
Figure 3-3. Stress-strain curves of nanocomposites with bilayer graphene sheets of different 
wrinkled configurations and bulk PMMA under transverse (z-direction) compression. The 
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enhancement effect by the bilayer graphene sheets decreases with decreasing l (i.e., an increasing 
degree of MLGS waviness).  
 
Table 3-1. Elastic modulus of different systems in Figure 3-3 under transverse compression. 
Configurations Flat l = 40 nm l = 20 nm l = 10 nm l = 8 nm PMMA 
Modulus (GPa) 5.99 5.48 5.13 4.67 4.14 3.28 
 
We note that previous experimental studies have indicated that the wrinkled surfaces might 
be beneficial in enhancing mechanical interlocking and load transfer with the matrix [14, 60, 61]. 
We expect that the interfacial load transfer is influenced not only by the wrinkled configurations 
but also by the size of MLGSs [43, 75]. In our future work, we plan to conduct MLGSs pulling-
out simulations with varying sizes of wrinkled MLGSs coupled with theoretical models to provide 
insights into these important aspects.  
3.3.2 Effect of interlayer sliding on out-of-plane shear deformation 
This section compares the out-of-plane shear responses. Representative out-of-plane stress-
strain curves up to strain of 0.1 comparing pure PMMA and nanocomposites with bilayer flat 
graphene sheets, wrinkled graphene sheets with different l are shown in Figure 3-4(a). Shear 
modulus is defined as the slope of the linear regime within 0.02 shear strain. Interestingly, the 
reinforcement of shear modulus is not embodied in the out-of-plane shear compared with the bulk 
polymer. This observation illustrates that the local nanoconfinement generated by graphene is less 
effective on the shear deformation in the current case. We expect that the nanoconfinement effect 
on shear stiffness/modulus will become more prominent as the size of graphene sheets increases. 
Again, the modeling framework presented in this study coupled with theoretical analysis would be 




Figure 3-4. The response of bilayer graphene reinforced nanocomposites under out-of-plane shear 
deformation. (a) Stress-strain curves of nanocomposites with different l and pure PMMA. The 
sudden stress drop in the l=20 nm case is marked with a red circle. (b) Top: the nanocomposite 
model at a shear strain of 𝛾 = 0 (without any deformation). Bottom: the nanocomposite model at 
𝛾 = 0.1 . The magnified image shows the right end of the graphene sheets before and after 
interlayer sliding. (c) Stress-strain relationships during two loading/unloading cycles for the l=20 
nm case. 
 
Notably, we observe a sudden stress drop in the stress-strain curve during shear deformation 
of l=20 nm bilayer graphene sheet reinforced nanocomposites. The sudden stress drop is marked 
with a red circle, which is an abnormal phenomenon and indicates internal instability during shear 
deformation. To understand the underlying mechanism, we take a closer look into the deformation 
process from simulation trajectories. Figure 3-4(b) shows the configurations of the nanocomposite 
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model with bilayer graphene sheets of wavelength l=20 nm before deformation and after 
deformation when shear strain goes up to 0.1. We can see that there is an interlayer sliding event 
occurring between the graphene sheets. We further find that the occurrence of interlayer shear 
coincides with the sudden stress drop. We have also checked the trajectories of other bilayer 
graphene reinforced systems listed in Figure 3-4(a), and we do not find interlayer sliding in other 
cases. This further confirms that the interlayer sliding is the reason that leads to the abnormal stress 
drop under uniaxial shear deformation.  
We further carry out unloading simulations for the l=20 nm case, as shown in Figure 3-4(c). 
We find that the interlayer sliding can be reversed when the global shear stress direction is 
reversed, corresponding to the sudden stress increase below stress zero. Moreover, we run 
additional cycles of loading and unloading and plot them in Figure 3-4(c) as well. We find that the 
interlayer sliding is repeatable and always reversible, and there is always a sudden stress drop and 
increase in the loading and unloading stress-strain curves. This observed reversible and repeatable 
interlayer sliding during loading/unloading cycles of shear deformation has been previously 
observed during nanoindentation on MLGSs [40].  
For the l=20 nm case that shows a stress drop within the shear strain of 0.1, we also conduct 
the uniaxial shear deformation to a larger strain, i.e., 20%. We find that there are multiple sliding 
events indicated by multiple stress drops illustrated in Figure 3-5. This observation indicates that 





Figure 3-5. Stress-strain relationship under uniaxial shear deformation up to the strain of 0.2 for 
the l=20 nm case. There are multiple sliding events indicated by the stress drops in the curve. 
 
We further conduct the out-of-plane shear deformation for nanocomposites with wrinkled 
monolayer or trilayer graphene sheets. Concerning nanocomposite systems reinforced by 
monolayer graphene sheets, we do not observe stress drop for any wrinkle configurations as no 
interlayer sliding exists. For systems reinforced by trilayer graphene sheets, sudden stress drops 
and corresponding interlayer sliding are observed for both l=10 nm and l=20 nm cases, while there 
are no stress drops for other cases. The stress-strain curves for trilayer graphene cases are shown 
in Figure 3-6. We find that for the l=20 nm case, there are multiple stress drops and sliding events 
within the shear strain of 0.1, indicating that the interlayer shear strength within trilayer graphene 
of l=20 nm configuration is very low. Through checking the trajectories of corresponding systems, 
the schematics of the interlayer sliding events that happen in trilayer cases are depicted in Figure 
3-7. We find that the interlayer sliding within trilayer graphene sheets, if activated, is mainly 




Figure 3-6. The response of trilayer graphene reinforced nanocomposites under out-of-plane shear 
deformation. There are multiple stress drops for the l=20 nm case, and there is one major stress 
drop for the l=10 nm case. 
 
 
Figure 3-7. Interlayer sliding events during uniaxial shear deformation up to the strain of 0.2 for 
both the l=20 nm and l=10 nm trilayer graphene reinforced nanocomposites. The sliding mainly 




This finding is non-trivial as we show that the interlayer sliding among MLGSs can be 
activated during the deformation of nanocomposites, despite that the graphene phase has much 
higher in-plane stiffness than the polymer phase. Also, the interlayer sliding seems to be activated 
only for MLGSs with specific wrinkled configurations. We will investigate this aspect in more 
detail in Section 3.5. In addition, we show that the interlayer sliding event has a direct influence 
on the stress response under deformation. In the next section, we further show that the interlayer 
sliding within MLGSs can also be activated during SAOS and affect the viscoelastic properties of 
nanocomposites. 
3.4 Small amplitude oscillatory shear and viscoelastic properties 
The oscillatory shear simulation has been widely used to study the influence of fillers on the 
viscoelasticity of the nanocomposites [76-78]. We first focus on the bilayer graphene reinforced 
PMMA system, consistent with the cases studied in the previous section. A typical stress-strain 
relationship of MLGS/PMMA nanocomposites shown in Figure 3-8(b) is obtained from the SAOS 
process illustrated in Figure 3-8(a). We fit the shear stress data of the last 10 cycles to a sinusoidal 
function. 𝐺′, 𝐺′′, and tan(𝛿) are then measured using the methods discussed in Section 3.2.  
Figure 3-8(c) and (d) compare the results for flat MLGSs and wrinkled MLGSs (l=20 nm 
case) reinforced nanocomposites. The l=20 nm case is the one that exhibits interlayer sliding of 
MLGS during out-of-plane shear. We can see that the l=20 nm case also shows an obvious 
difference in stress histories under SAOS with larger scatters and a more obvious phase lag (𝛿). 
From the SAOS simulation trajectories, we further confirm that the interlayer sliding also happens 
during the oscillatory shear deformation, despite that the extent of sliding is a little minor as the 
applied shear strain is small. Taken together, the results show that the interlayer sliding of MLGSs 
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will have a significant effect on the viscoelastic properties, represented by the dynamic moduli 
characterized here, of MLGSs reinforced polymer nanocomposites. This will be discussed next. 
 
Table 3-2. Dynamic moduli of nanocomposites reinforced by wrinkled bilayer graphene sheets 
and bulk PMMA. 
 Flat l=40 nm l=20 nm l=10 nm l=8 nm PMMA 
𝐺′ (MPa) 1097.3 1095.4 507.7 1132.7 1109.3 1311.2 
𝐺′′ (MPa) 303.3 305.0 523.4 294.8 308.9 236.6 
𝑡𝑎𝑛(𝛿) 0.276 0.279 1.031 0.260 0.279 0.181 
 
The effect of configurations of wrinkled graphene sheets on dynamic moduli (𝐺′, 𝐺′′, and 
tan(𝛿)) are listed in Table 3-2. Our results indicate a slight decrease in 𝐺′ upon the addition of 
MLGSs compared to pure PMMA in general. The lower 𝐺′ indicates the lower capacity of the 
nanocomposites to store the input mechanical energy. This is consistent with our previous 
observation that the shear modulus is not enhanced by adding MLGSs. Although this is likely due 
to the small size of MLGSs used in this study, it is still necessary to enhance the interfacial 
adhesion between graphene and the matrix to achieve more effective reinforcement in the storage 
modulus. 𝐺′′ and 𝑡𝑎𝑛(𝛿) describe the viscosity response of the nanocomposites. In contrast, we 
find that the bulk PMMA has a lower 𝐺′′ and 𝑡𝑎𝑛(𝛿) than that of the nanocomposites. This infers 
that the presence of graphene sheets may increase the internal friction loss of polymer chains or 
segments of the bulk PMMA, which may increase the ability to dissipate energy. These results on 
dynamic moduli of MLGSs reinforced PMMA composites are consistent with our recent studies 
on graphene reinforced polycarbonate systems. Generally speaking, we show that for glassy 
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thermoplastic polymer-based nanocomposites, the addition of nanometer-scale graphene sheets 
does not necessarily increase 𝐺′ but has a positive effect on 𝐺′′, which might be related to the 
increased dissipation at the polymer/graphene interface.  
 
Figure 3-8. SAOS simulation setup and results. (a) Oscillatory shear strain is applied in the xz-
plane (𝛾𝑥𝑧(𝑡) = 𝛾0sin (𝜔𝑡)) and the corresponding stress is collected. (b) A typical stress-strain 
relationship during SAOS. The blue points indicate the raw stress data while the black and red 
solid lines show the smoothed shear stress and strain values, respectively. There is a phase lag δ 
between the stress and strain curve, which indicates the viscoelastic behavior of the system. The 
comparison of the last ten cycles of stress-strain relationships of nanocomposites with MLGS 
configurations of (c) flat and (d) l=20 nm.  
 
Furthermore, the l=20 nm case shows uniquely large 𝑡𝑎𝑛(𝛿) compared to other cases and bulk 
PMMA, consistent with the stress history comparison in Figure 3-8(c) and (d). Our results illustrate 
that by activating the interlayer sliding within graphene, the energy dissipation capability of the 
32 
 
nanocomposites will be significantly enhanced, which could benefit damping or impact mitigation 
applications. The 𝐺′  and 𝐺′′  values also differ from those of nanocomposite systems without 
interlayer sliding within MLGSs. As a result, the interlayer sliding within MLGSs will have a huge 
influence on the viscoelastic properties of the nanocomposites, which should be considered in 
future material characterization and design. Besides, our results also provide guidance to the 
dynamic mechanical analysis tests on such nanocomposites that include MLGSs, as the interlayer 
sliding within MLGSs could introduce extra uncertainties to the measurement of the dynamic 
moduli of nanocomposites. 
 
Table 3-3. Dynamic moduli of nanocomposites reinforced by wrinkled trilayer graphene sheets.  
 Flat l=40 nm l=20 nm l=10 nm l=8 nm 
𝐺′ (MPa) 1046.4 1101.1 335.3 1014.6 1117.7 
𝐺′′ (MPa) 312.9 230.8 603.4 383.8 299.3 
𝑡𝑎𝑛(𝛿) 0.299 0.210 1.800 0.378 0.268 
 
We also conduct SAOS simulations for wrinkled trilayer graphene reinforced polymer 
nanocomposites. The dynamic modulus results are summarized in Table 3-3. As discussed in 
Section 3.3.2, interlayer sliding within MLGSs is observed for both l=10 nm and l=20 nm cases, 
while the l=20 nm case shows a larger extent of interlayer sliding. Correspondingly, these two 
cases also show relatively large 𝑡𝑎𝑛(𝛿) . In particular, the 𝑡𝑎𝑛(𝛿)  of l=20 nm case is 
approximately five times larger than the flat MLGSs reinforced PMMA case. 
33 
 
3.5 Interlayer shear profile of wrinkled MLGSs 
An interesting question arises as to why the interlayer shear happens in the wavelength of l=20 
nm and l=10 nm cases uniquely. To answer this question, we explore the interfacial shear strength 
depending on wrinkle configurations through a steered molecular dynamics (SMD) technique [39, 
79-81]. 
To this end, we first generate free-standing bilayer graphene sheets with similar wrinkled 
configurations. As shown in Figure 3-9(a), wrinkled bilayer graphene sheets with a wavelength of 
l=20 are studied using SMD to explore the interfacial shear landscape. A stiff spring is attached to 
the upper graphene sheet and the spring is pulled at a constant velocity of 0.1 m/s. During the 
pulling process, the configuration of the lower graphene sheet is constrained, and the upper 
graphene sheet conforms to the shape of the lower sheet, indicating the strong van der Waals force 
between graphene sheets restricts them from separation. The value of the spring constant (k) is 
critical to effectively explore the shear response. When the k value is low (i.e., the spring is soft), 
the force-displacement show a non-physical stick-slip behavior, indicating the spring is not stiff 
enough to pull the upper graphene sheet with a constant velocity. Thus, such choice of k is not able 
to explore the interlayer shear profile effectively. Based on different trials shown in the Figure 3-
10, we choose a k value of 2000 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙 ∙ Å2), which captures the realistic shear landscape 
with a minimal amount of noise.  
We record the pulling force and scale it by the width of the graphene sheet. We then plot the 
scaled pulling force vs. displacement in Figure 3-9(b). We neglect the initial noisy force data when 
the interlayer sliding is activated and shift the starting smoothed force to zero for all the curves in 
Figure 3-9(b). Generally, the curves show a periodic response roughly associated with the 
periodicity of the CG graphene lattice with scaled pulling force alternating from positive to 
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negative values as the upper graphene sheet is pulled over interfacial energy barriers. The 
maximum shear force (i.e., the amplitude of the first force barrier) per unit length closely relates 
to the shear strength between the bilayer graphene sheets. We observe that the amplitudes of shear 
forces in l=20 nm and l=10 nm are relatively smaller than those of other cases. It is interesting to 
see that the interlayer shear strength reaches the lowest value under such wrinkle configurations. 
Increasing or decreasing l leads to an increase in shear strength to initiate sliding. This explains 
why interlayer sliding within graphene sheets is activated in the l=20 nm case. We note that the 
low values of shear strength for the l=10 nm case indicates the barrier for interlayer sliding is also 
low. The reasons why we do not observe it in l=10 nm bilayer graphene reinforced nanocomposites 
might be two-fold. First, it can be attributed to the influence of the polymer matrix. Indeed, in this 
simulation setup, we only consider the intrinsic shear resistance between wrinkled graphene while 
neglecting the influence of the polymer matrix. We anticipate that the influence of the polymer 
matrix might be non-negligible. Second, the wrinkled configurations of free-standing bilayer 
graphene are not the same as those in the nanocomposites, which have gone through extra 
equilibration and there are minor changes in the wrinkled configurations. These changes in 




Figure 3-9. Exploring the interlayer shear profile of wrinkled bilayer graphene sheets. (a) SMD 
simulation setup on the l=20 nm case, where the upper graphene sheet is pulled by a stiff spring at 
a constant velocity of 0.1 m/s over the bottom graphene sheet, which is constrained to its initial 
position. The magnified image shows the initiation of interlayer shear sliding while the graphene 
sheets are maintaining contact in the thickness direction. (b) Comparison of the force/width vs. 




Figure 3-10. Exploring the interlayer shear profile of wrinkled bilayer graphene sheets with 
SMD of different stiffness (a) 𝑘 = 20 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙 ∙ Å2), (b) 𝑘 = 200 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙 ∙ Å2), (c) 
𝑘 = 2000 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙 ∙ Å2) , (d) 𝑘 = 3000 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙 ∙ Å2)  of the spring. When the k 
value reaches 2000 𝑘𝑐𝑎𝑙/(𝑚𝑜𝑙∙Å2), we start to get a reasonable shear landscape, and the 
behaviors converge to those using even higher k values. 
 
Since we also observe the interlayer sliding in the nanocomposite with l=10 nm trilayer 
graphene in addition to the l=20 nm case, we further calibrate the interfacial shear profile 
for free-standing trilayer graphene by pulling the top layer against the bottom two layers. 
This setup is because the main sliding events happen there. The scaled pulling force vs. 
displacement is illustrated in Figure 3-11. We can observe that the l=20 nm case has the 
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minimal force amplitude (at first force barrier in particular), which is noted as interlayer 
shear strength in our study. We find that the l=20 nm case has minimal interlayer shear 
strength and the l=10 nm case has the second lowest interlayer shear strength value, 
whereas they are significantly lower than the other cases. These results corroborate our 
aforementioned findings that both l=10 nm and l=20 nm trilayer cases exhibit sliding 
events while a higher magnitude of sliding happens in the l=20 nm case during uniaxial 
shear deformation. The results also well explain the fact that 𝑡𝑎𝑛(𝛿) of the l=20 nm case 
under oscillatory shear is significantly larger than the other cases.  
 
Figure 3-11. Exploring the interlayer shear profile of wrinkled trilayer graphene sheets by 
pulling the top graphene layer over the bottom two layers using SMD. The simulation setup 
is similar to the bilayer case in Figure 3-9 except that the bottom two layers are both 
constrained to their initial positions. The periodicity feature is less obvious in the trilayer 




We conclude that for certain wrinkled configurations of MLGSs, the interlayer shear 
strength can be lower than that of flat MLGSs. This interesting behavior leads to easier 
interlayer sliding during shear deformation of MLGSs reinforced nanocomposites when 
MLGSs are moderately wrinkled. Furthermore, the interlayer sliding within MLGSs has a 
significant role on the viscoelastic properties, especially the energy dissipation capability 
of the MLGSs reinforced nanocomposites. We note that a previous study reported that the 
interlayer shear stress increases with the extent of wrinkles [53]. However, in that study, 
the increasing interlayer shear stress is mainly contributed to by the vertical displacement 
and the rough 2D landscape. In our study, we have confirmed that there is no vertical 
displacement (interlayer separation) during SMD pulling without any constraints, and 
under this condition, the interlayer shear stress will become the lowest under certain 
wrinkled configurations. When MLGSs are embedded in a polymer matrix, it would 
become even harder for the interlayer separation to happen. Our study demonstrates that 
the effect of wrinkles within MLGSs is non-trivial towards the interfacial mechanics and 
viscoelastic properties of MLGSs reinforced nanocomposites. Further studies are needed 
to unravel additional meaningful and insightful mechanisms and provide an optimal design 
of winkled MLGSs reinforced polymer nanocomposites. 
3.6 Conclusion 
In this work, CG-MD simulations are conducted on wrinkled MLGSs reinforced 
PMMA nanocomposites to investigate their mechanical and viscoelastic properties as well 
as detailed deformation mechanisms. We specifically focus on the effect of the waviness 
of wrinkled MLGSs with the same amplitude of ℎ = 1 𝑛𝑚 and the number of layers on 
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these properties. Towards this end, uniaxial tension, out-of-plane shear, and SAOS 
simulations are carried out on nanocomposites with different MLGS configurations. 
Under uniaxial tensile deformation, we find that the addition of MLGSs into the 
PMMA matrix leads to an increment of elastic modulus. The reinforcement effect becomes 
more significant with the increasing number of graphene sheets (i.e., increasing volume 
fraction of graphene) and decreasing waviness. Under out-of-plane shear deformation, the 
enhancement of modulus is not embodied in the effect of wrinkled graphene. We expect 
that the reinforcement effect under shear deformation has a strong dependence on the size 
of the graphene sheet, and the reinforcement effect might become significant when the 
graphene sheet reaches critical sizes. We will look into this size effect in more detail in our 
future work. 
Interestingly, we observe that certain wrinkle configurations (with the same amplitude 
of ℎ = 1 𝑛𝑚) of bilayer and trilayer graphene reinforced nanocomposites show abnormal 
stress drop under shear deformation, which is attributed to the activation of interlayer 
sliding within MLGSs. Furthermore, we carry out SAOS simulations to characterize the 
viscoelastic properties of nanocomposites with MLGSs of different wrinkled 
configurations. When the interlayer sliding within MLGSs is activated, which only happens 
for those specific wrinkle configurations, the nanocomposites show large 𝑡𝑎𝑛(𝛿) , 
indicating a rising level of energy dissipation. We further find that for these MLGS with 
specific winkled configurations, the interlayer shear strength is lower than flat MLGSs as 
measured by the SMD technique. Our results indicate that the interlayer sliding is easier to 
be activated when MLGSs are moderately wrinkled with the same amplitude of ℎ = 1 𝑛𝑚, 
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and the viscoelastic properties of the nanocomposites can be significantly altered by the 
interlayer sliding within MLGSs. This observation can be leveraged to design 
nanocomposites that more effectively dissipate the external input energy and avoid 
catastrophic destruction. In our future work, we will build upon our effort here to construct 
more realistic wrinkle configurations of MLGSs, guided by experimental observations and 
theoretical analysis, to understand the reinforcement effect of such MLGSs on polymer 
nanocomposites. We also plan to investigate the effect of the number of layers of MLGSs 
on the corresponding wrinkle configurations and nanocomposites’ physical and 
mechanical properties. 
In conclusion, our work illustrates that the wrinkled configurations of MLGSs play a 
nontrivial role in the mechanical and viscoelastic properties of MLGSs reinforced PMMA 
nanocomposites. The observations and results also shed light on the interlayer shear 
mechanisms that give rise to these peculiar properties. More importantly, we have 
demonstrated that the viscoelastic properties of MLGSs reinforced polymer 





EFFECT OF POLYMER SIDE-GROUP SIZE ON MECHANICAL AND 




So far, even though extensive studies have been carried out on the effect of graphene 
on the nanocomposites’ physical deformation or failure mechanisms, the influence of 
polymer chain structure, particularly the side group’s size in polymer chains, on the 
nanocomposites’ mechanical and viscoelastic properties has been minimally studied. 
Therefore, in this Chapter, we study the effect of polymer side-group size on the physical 
mechanisms and viscoelastic properties of flat monolayer graphene/PMMA 
nanocomposites and pure PMMA systems by conducting CG-MD simulations. 
Specifically, in the first section, CG models of nanocomposites with flat monolayer 
graphene reinforcing different side-group sizes of PMMA are developed. In the effect of 
comparison, I also generate bulk PMMA systems with the same polymer side-group sizes. 
In the second section, the CG-MD simulations are employed to investigate the mechanical 
and viscoelastic properties of flat monolayer graphene reinforced PMMA nanocomposites 
and bulk PMMA systems via uniaxial tensile deformation and out-of-plane shear 
deformation. In the third section, I also carry out the small amplitude oscillatory shear 
deformation on the nanocomposites and pure PMMA systems. Furthermore, we look into 
specific underlying mechanisms from simulation results and provide fundamental insights 
into the polymer structure-property relationships. 
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4.1 Setup of CG models  
As aforementioned in Section 3.1, we adopt PMMA as the matrix material which is 
atomistically developed in a 2-bead type CG model, where one is the backbone bead “A” 
and another is the side-group bead “B”. As Figure 4-1 shows, we employ a general 
backbone chain structure and a tiny and bulky side-group. In this Chapter, to investigate 
the effect of polymer side-group size, we only need to modify the van der Waals (vdW) 
radius of the side-group. We keep the same parameters in the functional forms including 
bonds, angles, dihedrals, and LJ interactions like the models shown in Section 3.1 except 
the effective van der Waals radius of the CG model. 
 
Figure 4-1. Schematic of the universal two-bead CG model with different side-group size 
σBB (marked by the white arrow) established on the original CG model of PMMA [82]. 
 
There are 6 parameters for LJ interactions in the 2-bead CG model: σAA, σBB, σAB, 
εAA , εBB , and εAB . σ  is the radial distance between beads where the potential energy 
crosses zero, and ε is the depth of the well in energy units. The interaction terms between 
backbone and side-group, σAB and εAB, are obtained based on the rest of the 4 terms by 
taking arithmetic (σAB =
1
2
(σAA + σBB)) and geometric averages (εAB = √εAAεBB). To 
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study the influence of side-group volume on the mechanical and viscoelastic properties of 
graphene reinforced PMMA nanocomposites and bulk PMMA systems, we systematically 
change the side-group size σBB to 3.42 Å, 4.42 Å (original CG PMMA value), 5.00 Å, and 
5.42 Å as depicted in Figure 4-2. In addition, we keep σAA as a constant 5.5 Å. As a result, 
σAB varies depending on σBB. 
The mass of bead B should also be scaled with the changing vdW radius of the side 




πr3, we find the mass and radius follow the cubic order relationship. Based on the 
original mass of bead B (CH3) 15 g/mol in the case of σBB = 4.42 Å, the scaled mass of 
bead B is 6.95 g/mol, 21.71 g/mol, 27.66 g/mol in the case of σBB = 3.42 Å, 5.00 Å, 
5.42 Å, respectively. 
 The simulation box has periodic boundary conditions in all three dimensions. For the 
nanocomposites with flat monolayer graphene embedded in the PMMA matrix, each 
system includes 𝑁 = 15,630  CG beads with an original chain length 𝑛 = 100 . The 
average length of the systems (x-direction) is about 24 nm. The average width of the 
systems (y-direction) is approximately 4.2 nm. However, there is a lot of difference in the 
height of the systems (z-direction), which is reasonable for the larger σBB that possesses 
larger height, vice versa. The height difference is observable in Figure 4-1. They are about 
9.4 nm, 11.6 nm, 13.2 nm, 14.1 nm in the case of σBB = 3.42 Å, 4.42 Å, 5.00 Å, 5.42 Å, 
respectively. The monolayer graphene has a finite length of L=20 nm, while its width is 
the same as that of the polymer matrix and periodic in the y-direction. In this work, we 
mainly focus on the interfacial interaction between polymer chains and graphene sheets, 
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hence the monolayer graphene is only used as the filler in nanocomposites. We also 
generate pure PMMA systems with the same number of chains and the corresponding side-
group size σBB to compare with monolayer graphene reinforced PMMA nanocomposites. 
We note that the pure PMMA system includes N = 18,200 CG beads and the height of 
each system varies a lot as depicted in Figure 4-3. The height (z-dimension) is 
approximately 11.7 nm, 13.0 nm, 13.7 nm, 14.2 nm for the case of σBB = 3.42 Å, 4.42 
Å, 5.00 Å, 5.42 Å, respectively. 
 
Figure 4-2. Setup of the nanocomposite models that consist of flat monolayer graphene 
embedded in the PMMA matrix and mechanical tests. The different side-group size of 
PMMA: (a)  σBB = 3.42 Å, (b) σBB = 4.42 Å, (c) σBB = 5.00 Å, (d) σBB = 5.42 Å. The 
different mechanical tests carried out in this Chapter are also shown in (a)-(c), respectively. 
Color code: cyan (bead A) and purple (bead B) for PMMA polymer beads, orange for 





Figure 4-3. Setup of the bulk PMMA models with different side-group size: (a)  σBB =
3.42 Å , (b) σBB = 4.42 Å , (c) σBB = 5.00 Å , (d) σBB = 5.42 Å . Three types of 
deformation conducted in this Chapter are also shown in (a)-(c), respectively. Color code: 
cyan (bead A) and purple (bead B) for PMMA polymer beads.  
 
4.2 Effect of polymer side-group size on mechanical properties 
In this section, we study the effect of side-group size on the mechanical properties of 
monolayer graphene reinforced PMMA nanocomposites and bulk PMMA systems under 
uniaxial tensile deformation and out-of-plane shear deformation, by conducting CG-MD 
simulations. The simulation procedures are the same as Section 3.2. 
4.2.1 Uniaxial tensile deformation 
The stress-strain curves of flat monolayer graphene reinforced PMMA 
nanocomposites and bulk PMMA systems with different side-group size σBB  under 
uniaxial tension are compared in Figure 4-4(a) and (b). As listed in Table 4-1, the in-plane 
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elastic modulus of the nanocomposites and bulk PMMA systems decreases with increasing 
value of σBB, which may be attributed to the lower fragilities with regards to less stiffness 
for the larger side-group size. However, the nanocomposites all perform enhancements in 
modulus compared to the pure PMMA cases with the same side-group size σBB, which 
indicates the significant reinforcement effect of the addition of graphene sheet in the 
nanocomposites. This observation may guide the characterization and prediction of the 
side-group size effect on the mechanical property of graphene-based nanocomposites. 
 
Figure 4-4. Stress-strain curves of (a) flat monolayer graphene reinforced PMMA 
nanocomposites and (b) bulk PMMA systems with different side-group size σBB  under 
uniaxial tension deformation. 
 
Table 4-1. Elastic modulus of nanocomposites and bulk PMMA systems with different σBB 
in Figure 4-4 under uniaxial tension deformation. 
σBB (Å) modulus of nanocomposites (GPa) modulus of bulk PMMA (GPa) 
3.42 7.95 3.70 
4.42 5.80 3.28 
5.00 4.76 3.14 
5.42 4.31 2.73 
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4.2.2 Out-of-plane shear deformation 
This section compares the out-of-plane shear responses for flat monolayer graphene-
based nanocomposites and bulk PMMA systems with different side-group size σBB. The 
stress-strain curves up to strain of 0.1 are shown in Figure 4-5. Shear modulus is defined 
as the slope of the linear regime within 0.02 shear strain. In Table 4-2, we can find that the 
out-of-plane shear modulus of the nanocomposites and bulk PMMA systems all slightly 
decay with increasing value of σBB. This finding is meaningful for the side-group size 
effect on molecular packing and fragility. The smaller side-group size will lead to the larger 
molecular density, which may bring rise to the larger stiffness for the entirety of systems. 
Interestingly, the reinforcement of shear modulus for graphene-based nanocomposites 
(Figure 4-5(a)) is not observed in the out-of-plane shear compared with the bulk PMMA 
systems (Figure 4-5(b)) with the same value of σBB. This observation indicates that the 
local nanoconfinement affected by graphene sheet shows ineffective to the out-of-plane 
shear deformation in the current case. We expect that the nanoconfinement effect on shear 
stiffness/modulus will become more prominent as the size of graphene sheets increases. 
We note that the modeling framework presented in this work coupled with theoretical 
analysis would be prospective to bridge scales and address these dependencies. This is left 




Figure 4-5. Stress-strain curves of (a) flat monolayer graphene reinforced PMMA 
nanocomposites and (b) bulk PMMA systems with different side-group size σBB under out-
of-plane shear deformation. 
 
Table 4-2. Shear modulus of nanocomposites and bulk PMMA systems with different σBB 
in Figure 4-5 under out-of-plane shear deformation. 
σBB (Å) modulus of nanocomposites (GPa) modulus of bulk PMMA (GPa) 
3.42 1.14 1.39 
4.42 1.06 1.14 
5.00 0.88 1.03 
5.42 0.84 0.91 
 
4.3 Effect of polymer side-group size on viscoelastic properties 
We also use the oscillatory shear simulation mentioned in Section 3.4 to study the side-
group size effect on viscoelastic properties of graphene-based nanocomposites and bulk 
PMMA systems. We only focus on the flat monolayer graphene reinforced PMMA 
nanocomposites, consistent with the cases studied in Section 4.2. We also fit the shear 
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stress data of the last 10 cycles to a sinusoidal function. 𝐺′ , 𝐺′′ , and tan(𝛿) are then 
measured using the methods discussed in Section 3.2. 
The side-group size effect on dynamic moduli ( 𝐺′ , 𝐺′′ , and tan(𝛿) ) for 
nanocomposites are listed in Table 4-3. The results indicate an obvious decrease in 𝐺′ with 
the increasing σBB. The lower 𝐺
′ elucidate the lower capacity of the nanocomposites to 
store the input mechanical energy. This is consistent with our previous observation that the 
shear modulus decays with the increment of σBB. 𝐺
′′ and tan(𝛿) describe the viscosity 
response of the nanocomposites. In contrast, we find that 𝐺′′ and tan(𝛿) increase with the 
escalation of σBB in general, which may be attributed to the effective nanoconfinement of 
graphene sheet to the PMMA matrix.  
In addition, the side-group size effect on dynamic moduli (𝐺′, 𝐺′′, and tan(𝛿)) for 
bulk PMMA systems are presented in Table 4-4. The 𝐺′ of bulk PMMA systems also 
decline with the increase of σBB. Interestingly, on the contrary to the 𝐺
′′ and tan(𝛿) of the 
nanocomposites, the 𝐺′′ and tan(𝛿) of bulk PMMA systems decrease with the increase of 
σBB . The decreasing tan(𝛿)  with increasing σBB  is consistent with a previous study 
showing that the higher glass transition temperature is associated with larger 𝜎𝐵𝐵 [82].  We 
further find that the bulk PMMA systems have a lower 𝐺′′ and tan(𝛿) than that of the 
nanocomposites in the same case of σBB. This infers that the presence of graphene sheet 
may increase the internal friction loss of polymer chains or segments of the bulk PMMA, 
which may enhance the ability to dissipate energy. 
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Table 4-1. Dynamic moduli of flat monolayer graphene-based nanocomposites with 
different side-group size σBB. 
σBB (Å) 𝐺
′ (MPa) 𝐺′′ (MPa) 𝑡𝑎𝑛(𝛿) 
3.42 1307.1 393.6 0.301 
4.42 1133.6 332.8 0.294 
5.00 895.7 487.5 0.544 
5.42 645.5 456.5 0.707 
 
Table 4-4. Dynamic moduli of bulk PMMA systems with different side-group size σBB. 
σBB (Å) 𝐺
′ (MPa) 𝐺′′ (MPa) 𝑡𝑎𝑛(𝛿) 
3.42 1500.1 327.1 0.218 
4.42 1282.3 236.7 0.185 
5.00 1173.3 205.8 0.175 
5.42 1083.5 180.0 0.166 
 
To investigate the opposite effect of σBB on tan(𝛿) for graphene reinforced polymer 
nanocomposite and bulk polymer systems, we measure the cohesive energy density of pure 
PMMA systems and interfacial energy per unit area between graphene sheet and PMMA 
matrix with varying chain lengths and different side-group size σBB. As shown in Figure 
4-6, we can find that no matter what the chain length of the polymer is, the cohesive energy 
density and interfacial energy per unit area all decrease with the increasing σBB. This is 
attributed to the unique behavior at the graphene-polymer interface. Specifically, we 
demonstrate that the interfacial interaction between polymer chains and graphene sheets 
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decreases significantly with larger σBB , which may lead to the interfacial sliding and 
movement, thus larger phase lag. We can further observe that in general, the cohesive 
energy density and interfacial energy per unit area increase slightly with the elongation of 
PMMA chain length. 
 
Figure 4-6. Comparison of (a) cohesive energy density of pure PMMA models and (b) 
interfacial energy per unit area of nanocomposites with varying chain lengths and side-
group sizes σBB after equilibrium process. 
 
Furthermore, we also investigate the polymer density throughout the entire system by 
averagely slicing the graphene-based nanocomposites into 100 films in the z dimension. 
As presented in Figure 4-7(a), we find that the polymer density decreases with increasing 
σBB. In the other word, with increasing σBB, the polymer density near the graphene is 
smaller, indicating that the polymer is less attached to the graphene. Therefore, it’s easier 
for interfacial sliding or movement to occur for larger σBB, thus larger phase lag and loss 
tangent. In addition, the polymer density shows a peak value near the graphene-polymer 
interface, which may be affected by the nanoconfinement from graphene. At the center of 
the structure, the density of the PMMA approaches to zero since the middle of the system 
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is mainly occupied by the graphene sheet that is not considered. We further find the smaller 
σBB, the higher density near the graphene-polymer interface, which indicates a stronger 
nanoconfinement effect from graphene. The normalized density in terms of normalized 
film position z is depicted in Figure 4-7(b). We find that the normalized density that is far 
away from the center approximately fluctuates around the value of one (similar to the bulk 
polymer) for different cases of σBB. This indicates that the effect induced by graphene on 
polymer chains decreases with increasing distance from the graphene sheet. 
 
Figure 4-7. (a) Density and (b) normalized corresponding density of PMMA matrix 
comprised in flat monolayer graphene reinforced polymer nanocomposites with 100 films 
as a function of the normalized film position z with varying side-group size σBB. 
4.4 Conclusion 
In this work, CG-MD simulations are also conducted to study the effect of the side-
group size of polymer chains on the mechanical and viscoelastic properties of graphene 
reinforced PMMA nanocomposites. Towards this end, uniaxial tension, out-of-plane shear, 
and SAOS simulations are carried out on nanocomposites and pure PMMA systems. 
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Under in-plane tensile and out-of-plane shear deformation, we find that with 
increasing σBB, the elastic and shear modulus decrease in both nanocomposites and pure 
polymer. The reinforcement effect under in-plane tension is more significant for 
nanocomposite than for pure polymer.  
Through SAOS simulations, we find that the tan(δ) of nanocomposites increases with 
increasing σBB  in general, but the tan(δ) of bulk polymer decays slightly with the 
increasing σBB . The opposite effect of σBB  on graphene reinforced nanocomposite and 
bulk polymer system is attributed to the unique behavior at the graphene-polymer interface. 
We find that the interfacial interaction between polymer chains and graphene sheets 
decreases significantly with increasing σBB , and polymer density near the interface 
decreases with increasing σBB, which may enhance the interfacial sliding and movement, 
thus leading to larger phase lag, or tan(δ).   
In conclusion, our work illustrates that the side-group size of polymers plays a 
nontrivial role in the mechanical and viscoelastic properties of graphene sheets reinforced 
PMMA nanocomposites. The observations and results also shed light on the interaction 









In the previous chapters, the mechanical and viscoelastic properties of graphene 
reinforced polymer nanocomposites have been discussed. In this chapter, the main 
contributions of our study and future research are summarized. 
5.1 Contributions 
The work presented in the thesis illustrates the critical dependence of graphene 
reinforced polymer nanocomposites on graphene out-of-plane configuration and polymer 
chain structures. This thesis work provides essential insights into experimental 
characterization and optimized design of such composites for structural applications, with 
CG-MD simulations as a powerful computational tool. 
First, in Chapter 2, coarse-grained (CG) models of graphene and PMMA are developed 
and discussed in detail. They are perfectly designed and calibrated to follow the realistic 
condition. These models can appreciably increase the computational efficiency of MD 
simulations compared to all-atomistic (AA) simulations. In the following chapters, we use 
this computational method to explore the mechanical and viscoelastic properties of 
graphene-based nanocomposites with different graphene wrinkle configurations and 
polymer chain structures. 
In Chapter 3, the effect of wrinkles formed in MLGSs on graphene’s reinforcement 
effect and viscoelastic properties of polymer nanocomposites is specified. Also, we find 
that the interlayer sliding is easier to be activated when MLGSs are moderately wrinkled, 
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and the viscoelastic properties of the nanocomposites can be significantly altered by the 
interlayer sliding within MLGSs. More importantly, we have demonstrated that the 
viscoelastic properties of MLGSs reinforced polymer nanocomposites can be tuned 
through wrinkle engineering of MLGSs. 
In Chapter 4, the CG models are further utilized to investigate the effect of the side 
group’s size in polymer chains on nanocomposites’ mechanics and viscoelastic properties. 
In particular, the size of the side group in polymer chains affects the interfacial interaction 
between polymer chains of graphene sheets and subsequently the reinforcement effect and 
dynamic moduli of the nanocomposite systems. 
5.2 Future directions 
After summarizing the contributions and important findings of my research, I will 
briefly discuss the future directions based on this thesis work. 
We will build upon our effort to construct more realistic wrinkle configurations of 
MLGSs, guided by experimental observations and theoretical analysis, to understand the 
reinforcement effect of such MLGSs on polymer nanocomposites. We also plan to 
investigate the effect of the number of layers of MLGSs on the corresponding wrinkle 
configurations and nanocomposites’ physical and mechanical properties. Furthermore, the 
dependency of graphene sheets’ size on underlying mechanisms will be conducted in the 
future. 
We also plan to investigate the mean-squared displacement (MSD) of polymer beads 
near the graphene-polymer interface. Hopefully, the MSD results could provide deeper 
insights into the polymer chain dynamics depending on the distance to the graphene sheet. 
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Furthermore, we plan to also change the polymer chain structure from linear configuration 
to different topologies. For instance, we plan to construct branched polymer chains, 
including those with star morphology [83-86]. It is interesting to explore the effect of a 
star-like polymer chain with several arms or branches on mechanical and viscoelastic 
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